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SUMMARY

C’-oss-borehole elastic wave tomography offers great potential for
subsurface imaging of sediments and associated fluids. Using this method
we created a high resolution tomographic image of velocity structure obtained
from laboratory generated corn ressional wave traveltimes in unconsolidated

Lsediments. The Image shows t ee layers and a water filled container located
in the center of the middle layer. An image obtained from computer
simulated traveltimes shows good agreement with the image from laboratory
data. Source frequency was 135 kHz, velocities ranged from 1.4 to 1.8 k.ds,
and thus wavelengths were 1.0 to 1.4 cm. Distance between boreholes was 30
cm with about 60 cm of vertical covers e. Over 900 raypaths were used in

6the image. The seismic quality factor ranged from 11 to 25 in the two
saturated sediments.

Our immediate a plication of this method is h ecolo “cal problems.
i $’However, such a metho could be applied to small scale hy rological

problems and other areas of interest where fluid content is of interest,

INTRODUCTION

Understanding subsurface geolo ‘cal and hydrological recesses is
f ? cl’limited b the lack o non-invasive fiel tools. Currently use methods for

idetailed eld study of sediments and fluids often involve destructive
sampling by drilling extensively or excavation, Several geoph sical tools may
enable remote, non-invasive characterization of these media. $ hese include
gravity, magnetic, electromagnetic, and elastic wave techniques, Each
technique measures different physical pro rties. In this study we use high

rfrequency elastic waves to characterize ve ocity-density variations (acoustic
impedance contrasts).

Our effort has been devotad to laboratory development and testing of
cross-borehole elastic wave tomogra hy. Our goal is to develo a tool that

3 ?can be used for high resolution, sm 1scale, in situ imaging o sediments. A
tool of this t~e could be emplaced for long periods of time to monitor such
things as temporal variations in fluid content. In this study, we image
layers composed of quartzo-feldspathic sands and clay-rich quartz sands to
test the ossibility of using the method in unconsolidated, water saturated
media, 8 y imaging less energy absorptive materials such as sands, we are a
step closer to working with media that are more attenuating to elastic wave
energy such as cla ‘s, soils, and underssturated matena18.

iTM w er escribes an imagi
if

experiment in layered eediments,
with an em e ded low velocity zone,% e evaluate the imagin results by

!comparing them to results obtained using computer simulate traveltimes.



SOURCWRECEIVER DESIGN

Constructing sources and receivers that o crate effectively in
Ysediments is diilicult because, among other prob ems, much of the excited

ener
Y

norndly goes into exciting tube waves rather than body waves. We
foun the following desi

r
effective at coupling body waves into, and out of,

the medium. Cylindric piezoelectric transducers (PZTS) were used for both
sources and receivers. The diameters of the source and receiver FZTS are
2.54 cm and 1.06 cm, res ectively. Each PZT was placed inside a Teflon (a

Eregistered trademark of upont Corporation) f retainer filled with silicon oil.
Container tests with a variety of materials showed that Teflon had a good
im edance match with the sediments, and therefore the best tr~.ilsrnission

#an reception properties. The Teflon container was threaded at both ends so
that each container could be attached to other, identical containers.

We stacked eight PZTS to form source and receiver stringers. Thus
si~als f~om 64 ra~aths could be collected without moving either stringer,
nxmimmm disruption of the sediments. Movement of the stringers was

tcontrolled y hand using plexiglas pipes fitted to both ends of the stringers
and supported by guides at the container top and bottom. The @ales allowed
us to measure vertical distance than es precisely and to minimize horizontal

fdistance uncertainties by restricting ateral movement.
In our past experiments usin other source designs, much of the source

ienergy produced tube waves trappe within the source borehole instead of
compressional waves that pro agate between sources and receivers. No tube

\waves were observed once we eg~n usin this desi
% T“Each PZT case was wired so that P s could e excited independently,

The source stringer was wrapped in aluminum foil to inhibit transmission of
EM noise. Both source and receiver stringers were then encased in heat-
shrink tubing to protect wiring and foil from abrasion during stringer
movement,

EXPERIMENTAL CONFIGURATION

Fi re 1 shows a block diagram of the ex enmental configuration. A
r fHewlett- ackard 9920 fimction enerator supp ied a tone burst amplified by

a Krohn-Hit8 power amplifier. #he signal was transmitted b one of the
JPZTS in the source stringer, detected at a single receiver, an relayed

through a reamplifier to a LtOoy 9400 digital oscilloscope, Compressional
7wave trave times were read on the waveform recorder using cursors at high

vertical gain, and signals were then sent to an HP 9816 computer for storage
and plotting. An algorithm developed for th~ computer controlled the
imaging experiment and all associated apparatus.

TOMOGRAPHY EXPERIMENT

~e tomography experiment was conducted inside a plastic barrel

~’!~#2a!?e used two sedimentsin the tomography experiment. The first
roximatdy 00 cm high by 61 cm wide as shown schematically

was a concreta=
r

ade quartzo-feldspathic sand containing 5% other minerals,
mostly biotite ( ereabr termed “concrete sand”) with ain sizes in the order

Yof 0.5 to 2 mm, The second material was a clay rich, si t =sandwith grain
6sizes of 0.1 to 1 mm, obtained from the banks of the Rio mnde (hereafter

termed “RG sand”).



The area imaged was composed of three layers as shown in Figure 2:
the RG sand was used for the to and bottom layers, and the concrete sand
was used for the middle layer. h 1layers were 100% water saturated. Water
was added through a valve horn the container bottom; adding water from
below forced air to the surface. Gravel was used as the lowermost layer in
the contmner to evenly distribute water at the base. Once all layers were
saturated, the water was cycled out of and back into the layers several times.
In this manner we were able to compact the sediments more quickly and
force out virtually all air.

A 10x 10x 10 cm water filled container was buried in the center of the
middle layer. The container was made of supple plastic with walls 0.02 cm
thick. The water container was used to see if we could distinguish between
saturated sand and a water filled container. A 17 cm layer o concrete sand
was placed above the uppermost la er to add lithostatic pres,~ure,compacting

Ythe layers and thereby enhancing e astic wave couplin . Plastic film several
Lmicrometers thick was placed between each la er to in “bit sediment mixing

rand thereby produce sharp boundaries. The p astic film was perforated so
that water passage was not blocked.

The re “onto be imaged was located in the center of the container to
Tavoid side-wa 1reflections arrived well behind the first arriving

compressional wave that would not interfere with traveltime interpretations
(Figure 2). once the layers were in lace and water cycling was complete, the

xset-up was left standin for several ays for fiwther consohdation so that
Jlittle or no change wo d take place during the experiment.

DATA COLLECTION

A single pulse of 135 kHz and 80 Volts was used to excite the source at
a repetition rate of 10 milliseconds. Received signals were summation
averaged a minimum of 100 times and up to a maximum of several thousand
times depending on the signal-to-noise ratio, Traveltimes were visuall

C/’determined from the expanded scales available on the waveform recor er,
Data collection took place as follows, A source was excited for each

receiver, Then, the next source was exci~d for all receivers, and so on, until
64 signal’s were collacted from all possible combinations of sources and
receivers, After these 64 signals had been collected, the source stringer was
moved dcmmward, 64 more signals were collected. The receiver stringer was
then moved downward and again the collection procedure was repeatec’. In
this manner we collected 960 eigmds thro~gh the layered region, The angle
between source and receivers ranged from +-59 degrees, as measured from
horizontal.

TOMOGRAPHY ALGORITHM

The computational method we used for obtaining a velocity tomograph
from observed compressional wave traveltimee is known as itarative
back ~ro’ection. The minimum ener

1{ r
technique we usc is doscnbed by Dines

and Jyt e (1979), Using this metho , we found simultaneous iterative
reconstruction SIRT to produce better images than algebraic reconstruction,
ART.

To simplify the calculations we ase~med straight raypaths, This is
equivalent to assuming that only small fluctuations exist m material to be
imaggd, such that refraction effects can be ignored. Dines and Lytle (1979)
wore able to apply straight ray techniques successfully in cases where the



velocity fluctuation was 16%. We expect 20% velocity variation based on our

&
renl&.nary experiments. Therefore, the velocities are such that adding

%
rays may improve inversion results.
ur method also includes an optional two-dimensional smoothing

algorithm of arbitrary size and shape that operates between the
back rejection iterations and helps to remove any model oscillations of such

fsmal scale to be deemed unrealistic.
To establish the quality of the tomographic reconstruction from

observed traveltimes, a compukr generated tomo aph was created using
3model data fimcomparison with the real data res t. Computer generated

raypaths and corresponding traveltimes were obtained using a model of the

r?
ima ed region. TLese data were then inverted to create a tomograph of
“pe ect data”.

RESULTS

Signals were collected for 960 raypaths through there “on of study.
FOver 64 ra aths were obsemed again after the completion o the experiment

%to test whe er or not further com action had affected the observations over
the duration of the experiment. 1?ote that increasing the rate of data
collection is a simple matter. Using a recorder with many data collection
charnels and a computer algorithm for automatic traveltime detxmninations
could allow an experiment to be conducted in tens of minutes.

The observed traveltimes matched the original measurements within
the accurac . Traveltime obsemation error (accuracy) was less than 2.0

Jmicrosecond s ( 1.2 % of trtal travel time), and estimated recision was 1.0
{microsecond (0.6 %), The accuracy was estimated horn t e traveltime

measurement error due to the uncertainty in determining the arrival time for
emergent signals. Tne estimate of precision was determined horn repeated
observations of a sin le traveltime.

~The imaged ve ocity cross-section obtained is shown in Figure 3a, The
outline in white illustrates the location of boundaries between layers and the
location of the water container. We discarded traveltimes that were
unrealistically large at each iteration step because lar e traveltimes are more
likely to be poorly determined. Fi

r
7e 3b shows trave time inversion results

from perfect data with noise adde . In the case of perfect data wi’h noise,
gaussian noise with a standard deviation of 1.0 microsecond (our estimated
precision) was added to more realistically simulate real data. A 50 by 50
matrix of pixels was used in the inversions, and the images shown were

f’
reduced with 12 itmations. Darker tones represent faster velocities and

ighter tones represent slower velocities, The calculated vdocit range of the
Jconcrete sand is between 1.75 and 1.85 We; for the RG sand e range is

1,60- 1,75; and for the water the range is 1,65-1,70 km/s, All of these
velocities are faster than actual measured velocities for individual materials.
Table 1 shows the measured average velocities of individual materials at full
saturation, and Q-values, obtained from previous experiments, for each
material.

Smoothing was mforrned between iterations b averaging adjacent
{pixel downesses toget er. rHorizontally a~acent pixe s received more weight

m the avera e since resolution is worst in this direction, given the
fex erimenta geometry, Smoothing removes unrealistic pixel-to-pixel

rve ocity oscillations that commonly occur, and adds redundant to a problem
{that would otherwise be underdetermined (fewer data than un nowns),



DISCUSSION

In comparing the tomograph with the actual pro erties of the ima ed

%
x !re “on one sees the lower boundary of the concrete san is reasonably we 1

de ned; the upper boundary is more irregular due to poorer traveltiine
determinations in this re “on and to inversion artifacts (the “x’’-shaped
feature emanatin ilom

5
z e water container). The low velocity zone

corresponding to t e water container is well imaged. The container a pears
Eas the light region in the center of the image; the tu and bottom oft e

Econtainer are clear, however, the sides are smeared onzontzdly due to the
constraint of limited aperture (Aki and Richards, 1980).

The tomographic reconstruction of perfect data with added noise
shown in Fi re 3b demonstrates that most of the features seen in the

rlaboratory ate tomograph appear. This comparison shows that the
laboratory imaging was successfid. The major diRerence between the
‘heretical and observed result is the lack of clear bcnmdanes between layers.
The artifact emanating from the water container also exists in the perfect
data inversion. It is, however, very weak.

The comet used to collect our data is responsible for the resolution
ofandartiictswi~ n the image we obtained. The traveltime data consisted
of ray paths propagating at an les +-59 degrees horn horizontal; no vertical

g
aths were included. l&h suc~ ameasurementgeornet.~ horizontal
oundaries will be im ed distinctly, while vertical boun aries will not. The

addition of near-verti 3 ray paths would reduce the non-uniqueness inherent
in tomographic reconstructions, and thus features such as the streaking
around the water container. This could be accom Iished by placing sources

!or receivers along the surface between the boreho es.

SUMMARY AND CONCLUSIONS

We imaged saturated sediments com osed of three-layers ai~da low
7velocity volume centered within the middle ayer. The low velocity volume

was created using a water-filled container. The experiment was conducted in
the laboratory umng stringers of source and receiver ~ezoelectric transducers

%
ts aced 30 cm apart. The stringers are novel in that t ey are extremely

e cient at coupling com rewnonal waves into the sediment while avoiding
tube wave generation. ? he fre uency of operation was 136 kHz and

1wavelengths were approximate y 1 cm in the sediments, with uality factors
\Q ranging fimm 11 to 25. Comparison of the tomograph from o served

traveltimes and a tomograph generated from theoretical data shows that we
succeeded in imaging the sediments. To our knowledge, this is the first time
unconsolidated sediments have been imaged at such hi@ resolution using
elastic waves under laboratory conditions. This initial Imaging experiment
under laboratory conditions su

Y
ests cross-borehole elastic wave tomography

could be developed as a field too for subsurface imagmg of sediments.
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Table 1. Media Properties at Complete Saturation

Average
Matdal V&city Q

Concrete sand 1.80 25
Rio Grande sand 1.44 11
Water 1.50
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FIGURE CAPTIONS

Figure 1. Block diagram of experimental configuration.

Figure 2. Geometrical relationships within test container.

Figure 3. a) Velocity tomograph from laboratory data showing velocity
structure of the region depicted in the overlay. b) Velocity tomo aph from

fcomputer generated data with added noise. Velocities in ludss own on tone
bar at right.
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